Abstract-Based on CFD model framework, a simulation analysis of gas-solid two-phase flow in a multi-cavity kiln used for heating catalysts is presented. The heat transfer model includes radiation exchange among gas, refractory shell and catalyst, conduction inside the refractory shell, and convection heat transfer between the gas and the catalyst as well as the inner refractory shell wall. The contributions of heat transfer between the catalyst and the inner refractory shell wall by surface contact and heat transfer between the outer exposed refractory shell wall and surroundings have also been considered. The simulated results are in good agreement with experimental data.
INTRODUCTION
Rotary kilns are most commonly used in the metallurgical and chemical process industries for the thermal treatment of various granular solids. Catalyst heating production can also be performed in rotary kilns. Compared with a one-cavity kiln, the most significant advantage of a multi-cavity kiln is its remarkable ability in improving temperature uniformity of material to be heated and hence the productivity will be ultimately increased.
An analytical model was developed by Cook and Cundy [1] that described heat transfer processes between the rotating wall of a heated cylinder and an adjacent wet granular medium with an initial liquid water content equal to 2-7% of the mass of the dry solids. Manson and Unger [2] performed heat transfer processes in a rotary kiln incinerator and a detailed analysis could not be conducted. Sass [3] and Manitius et al. [4] developed heat transfer models for a rotary kiln dryer and an aluminum oxide rotary kiln, respectively. Ghoshdastidar has undertaken many studies about simulation of drying of materials in a rotary kiln. Ghoshdastidar et al [5] developed a detailed steady-state heat transfer model for the rotary kiln incinerator involving radiation, transient conduction and chemical reactions. P.S.Ghoshdastidar and Ankit Agarwal [6] presented a computer simulation and optimization study of heat transfer in a rotary kiln used for drying and preheating wood chips with superheated steam at 1 bar and conducted a parametric study in order to contribute to a good insight into the physics of the drying process in a rotary kiln. Koustubh Sinhal and P.S.Ghoshdastidar [7] reported a computer simulation of heat transfer inside a rotary kiln used for drying and preheating food products such as fruits and vegetables with superheated steam at 1 bar and conducted a detailed parametric study about the influence of controlling parameters on the axial solids and gas axial temperature profiles and the total predicted kiln length. Mastorakos et al. [8] performed a CFD-based model involving combustion, radiative heat transfer, conduction in the bed and walls and chemical reactions. Kaustubh S.Mujumdar and Vivek V. Ranade [9] reported a comprehensive computational fluid dynamics model to capture key transport processes in rotary kilns. D.Sofialidis et al. [10] carried on a numerical simulation of the physico-chemical processes occurring inside a heated rotary kiln reactor.
The above literature review exhibits that no attempt has been made to simulate heating a catalyst in a rotary multi-cavity kiln, and there is little information about heat transfer inside a rotary kiln with the middle portion of the outer refractory shell wall acting as heat source. The present work aims to fill the gap in the existing literature.
II. COMPUTATIONAL MODEL

A. Model Structure
The numerical simulation model is composed of three computational models, namely, the gas model, the catalyst model and the refractory shell model. The whole computational model is shown in Fig. 1 B. Hypothesis a) The moisture evaporation process is negligible in the article. b) Chemical reactions are not taken into account. c) Catalyst height and axial velocity in every cavity always remain unchanged. d) Interstitial gas among catalyst is neglected. e) Catalyst is treated as fluid. f) Kiln is assumed to be stationary.
C. Model Equations
As mentioned above, the catalyst has been assumed as fluids, so the following equations of mass, momentum, and energy conservations are suitable for the catalyst and gas.
The continuity equation:
The momentum equation:
The thermal energy equation:
Within the refractory shell, the conservation of energy equation can account for heat transport due to conduction.
In the above equations, is fluid density, p is fluid pressure, U is velocity vector, is stress tensor, h is static enthalpy and is thermal conductivity. There is no need to specify thermal boundary conditions on each interface among the gas, the refractory shell wall and the catalyst, for these boundaries have temperatures and thermal fluxes calculated automatically.
The radiative transfer equation of the discrete transfer model can be written as: I stands for spectral radiation intensity which depends on position and direction, T stands for local absolute temperature, and stands for solid angle.
As no suspended materials exist inside the multi-cavity kiln, the scattering radiation effect of heat rays is neglected. Hence, Equation [5] can be simplified as:
D. Model Mesh
Compared with tetrahedral meshes, even if there are less hexahedral meshes, higher calculation accuracy, less solving time and more reliable results could also be achieved. As a result, hexahedral meshes are utilized as much as possible. In order to favorably capture gas flow characters of the velocity and temperature boundary layers, the inflation technology are employed for high quality meshes. The cross-sectional mesh viewed from the axis of kiln is shown in Fig. 2 . Cross-sectional mesh viewed from the axial direction
III. SOLUTION METHODOLOGY
The software CFX has been applied to solve discretization equation to attain numerical results. Although governing equations were discretized by using first-order schemes (see Ref. [6] ), high resolution schemes are taken to achieve higher accuracy and capture finer details for complex flow fields. Table II is the input data to the program. 
IV. RESULTS AND CONFRONTATION WITH EXPERIMENTS
A. Results and Discussion
The results (figures not shown) indicate that the circumferential and radial temperature distributions for the refractory shell are uniform because of the fact that the thermal conductivity of the refractory shell is large and that the baffle thickness is small, which will contribute to enhancing heat transfer by conduction.
The results (figures not shown) also reveal that, in respect of the catalyst in each cavity, circumferential and radial temperature variation is very small, and hence the catalyst temperature in every cavity could be considered uniformly distributed. This may be explained by the fact that the axial catalyst velocity is very low and the refractory shell temperature distributions are uniform axially and circumferentially. Three catalyst locations at three cavities are shows in Fig. 3. Fig. 4 shows axial average temperatures of catalyst in three cavities and implies that the temperatures are almost identical, especially in the high-temperature region.
Since the temperature distributions in three cavities for the gas, catalyst and refractory shell are nearly same, the cavity I has just been taken into account. Axial average temperature distributions of the refractory shell, catalyst and gas in cavity I are shown in Fig. 5 . At the axial position 1.5~3.4 m, the axial average temperature of the refractory shell keeps constant 1118 K. When the axial position ranges from 1.5 m to 0 m and from 3.4 m to 5.3 m, the temperature becomes to decrease which can be explained by the fact that in the absence of the electrical heater, the outer exposed refractory shell wall has to transfer heat to surroundings by convection and radiation. At the axial position 0~1.0 m, the catalyst temperature is lower than the refractory shell, and the maximum difference is 35 K. This can be explained as follows. The catalyst inlet temperature is low and gradually absorbs thermal energy from the refractory shell. The catalyst temperature is almost the same as the refractory shell during the axial position 1.0~3.7 m. The catalyst temperature is higher than the refractory shell at the axial position 3.7~5.3 m, and the maximum difference is 20 K, which could be attributed to the direct heat transfer from the outer exposed refractory shell wall to surroundings through convection and radiation and indirect heat loss for the catalyst. When the gas flows into the multi-cavity kiln, the temperature increases slowly at the axial position 5.3~4 m and then goes up fast from the axial position 4 m to 0.7 m. This is because that the low-temperature gas needs to absorb thermal energy from the catalyst and the refractory shell and therefore the higher the temperatures for the catalyst and the refractory shell are, the faster the gas temperature rises. The gas temperature gradually decreases when the gas flow close to the outlet, because of the fact that heat transfer occurs from the gas to low-temperature catalyst and the refractory shell.
In order to satisfy the catalytic requirement of good performance, catalyst temperature must stay above 1073 K for at least 3.8 hours. From the simulation results, at the axial length ranging from about 1.10 m to 3.81 m, the catalyst temperature maintains higher than 1073 K, and the corresponding residence time in the high-temperature region is 4.09 hours (see Table III ) that satisfies the residence time requirement.
It will be essential to check the thermal energy distributions in the rotary multi-cavity kiln that could contribute to energy-saving analysis. Table IV shows thermal energy distributions indicating that the overall thermal energy (heat source) provided by the middle portion of the outer refractory shell wall is 6578 W, heat loss from the outer exposed shell wall to surroundings is 3390 W, and the consumed thermal energy for heating the gas and the catalyst is 2805 W and 372 W respectively. The energy imbalance by iterative error is 0.17%. 
B. Confrontation with Experiments
In order to verify the correctness of the simulation model, the relevant experiment was carried out. For the reason of intractability, the gas and catalyst temperatures were not acquired and just the temperature on one baffle surface could be measured. Fig. 6 shows two rows experimental points on the baffle surface viewed from the axial direction, named Row 1 and Row 2. Each row has 22 experimental points where thermocouple probes of contact sensor were located. The temperature at each experimental point was measured twice and then the average temperature was acquired.
From simulation results, the temperatures of 500 points at each row were obtained. It is apparent from Fig. 7 that the maximum deviation between experimental points and simulated points in row 1 and in row 2 are 11.8% and 17.8% at the axial position 0.65 m, respectively. The other deviations are all below 10%. Hence, the experimental temperatures coincide with the simulated results and then the simulated method can be confirmed feasible.
V. CONCLUSIONS
A comprehensive framework of a CFD-based model, composed of the gas, the catalyst and the refractory shell which are coupled together by mass and energy communication through common boundaries, has been addressed to simulate heat transfer in the rotary multi-cavity kiln where the catalyst is heated. The radiation, convection and conduction among the gas, the catalyst and the refractory shell are considered. The temperature on one baffle surface is in fine accordance with measured data. Although the rotary multi-cavity kiln in the paper is just a pilot kiln, the reults could serve as a guide of an industrial rotary multi-cavity kiln design that will be the further efforts to make. By using the above numerical stimulation method, the temperature and flow field during heating catalyst in an industrial model of a multi-chamber rotary kiln can be simulated and improved to meet catalyst performance, save energy, and provide valuable guidance for designing reasonably a gas-burning multi-chamber rotary kiln and technological parameters.
